The prediction of methane outputs from ruminant livestock data at farm, national, and global scales is a vital part of greenhouse gas calculations. The objectives of this work were to quantify the effect of physiological stage (lactating or nonlactating) on predicting methane (CH 4 ) outputs and to illustrate the potential improvement for a beef farming system of using more specific mathematical models to predict CH 4 from cattle at different physiological stages and fed different diet types. A meta-analysis was performed on 211 treatment means from 38 studies where CH 4 , intake, animal, and feed characteristics had been recorded. Additional information such as type of enterprise, diet type, physiological stage, CH 4 measurement technique, intake restriction, and CH 4 reduction treatment application from these studies were used as classificatory factors. A series of equations for different physiological stages and diet types based on DMI or GE intake explained 96% of the variation in observed CH 4 outputs (P < 0.001). Resulting models were validated with an independent dataset of 172 treatment means from 20 studies. To illustrate the scale of improvement on predicted CH 4 outputs from the current wholefarm prediction approach (Intergovernmental Panel on Climate Change [IPCC]), equations developed in the present study (NewEqs) were compared with the IPCC equation {CH 4 (g/d) = [(GEI × Ym) × 1,000]/55.65}, in which GEI is GE intake and Ym is the CH 4 emission factor, in calculating CH 4 outputs from 4 diverse beef systems. Observed BW and BW change data from cows with calves at side grazing either hill or lowland grassland, cows and overwintering calves and finishing steers fed contrasting diets were used to predict energy requirements, intake, and CH 4 outputs. Compared with using this IPCC equation, NewEqs predicted up to 26% lower CH 4 on average from individual lactating grazing cows. At the herd level, differences between equation estimates from 10 to 17% were observed in total annual accumulated CH 4 when applied to the 4 diverse beef production systems. Overall, despite the small number of animals used it was demonstrated that there is a biological impact of using more specific CH 4 prediction equations. Based on this approach, farm and national carbon budgets will be more accurate, contributing to reduced uncertainty in assessing mitigation options at farm and national level.
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it also constitutes a loss of efficiency for animal production systems. Currently, efforts are being made to identify management options under different farming systems to mitigate CH 4 losses. The influence of factors such as feed quality and intake and animal characteristics and performance on CH 4 production has been addressed (Ellis et al., 2009; Yan et al., 2009; Grainger and Beauchemin, 2011) . However, little effort has been made to differentiate and quantify the effect of physiological stages when predicting CH 4 emissions. As a pertinent example, beef farms comprise animals in distinct physiological stages, often under diverse reproductive and nutritional management. Current farm-scale models do not differentiate between combinations of all of these factors when predicting enteric CH 4 outputs and assume that different categories of animals in a herd fed diverse diets have similar relationships between CH 4 emissions and feed quality and intake (Schils et al., 2007) . Nevertheless, selecting the correct solution at farm level is the key to achieve a net global impact on efficiently reducing greenhouse gases from agriculture (Franks and Hadingham, 2012) .
This study sets out to consider the potential gain of using more appropriate equations for different types of animals, diets, and management to predict CH 4 emissions to produce more accurate inventories and reduce the uncertainty of studies considering mitigation options using the advantages of a meta-analysis. Furthermore, a farm system study is used to evaluate and illustrate the scale of potential improvement in accuracy and sensitivity to changes in the prediction equation approach.
MATeRIAlS ANd MeThodS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database.
This work comprises 3 main sections. First, a database of dairy and beef cattle including measured CH 4 outputs, animal characteristics, and feed quality and intake was built from the literature and analyzed to assess the effects of animal and diet features on CH 4 production. Second, models fitted in the first section were validated using an independent dataset and compared with existing models. Finally, the validated model was used to predict CH 4 emissions from a commercially managed beef herd at the Scotland's Rural College (SRuC) Beef and Sheep Research Centre, Edinburgh, UK. The Intergovernmental Panel on Climate Change (IPCC, 2006 ) CH 4 prediction model was also applied to these data. Both predictions were compared to illustrate the impact of applying an improved CH 4 prediction equation to actual farm data comprising different animal categories and feed qualities.
Database
A total of 90 published papers containing measurements of CH 4 production from dairy and beef cattle, animal characteristics, feed quality, and feed intake were reviewed. From these, studies were selected based on the availability of more than one mean value per study to account for the variation between studies and measured CH 4 with corresponding estimates of precision (error term). The selection criteria also considered the presence of measured values of the main potential explanatory variables such as DMI, BW, dietary GE, DE, and ME and chemical characteristics of the diet such as OM, CP, NDF, ADF, lignin, fat, and dry matter digestibility (dMd). Missing data were obtained from tables of feed composition: NRC (1996 NRC ( , 2001 for studies from the Americas and Ministry of Agriculture, Fisheries and Food (MAFF, 1990) for European studies. If unavailable, values were estimated from established prediction equations such as ME (MJ/d) = DMD × 15.7 (AFRC, 1993) . For most studies reviewed, data on nonstructural carbohydrates, such as starch and sugar, were unavailable; therefore, these variables were ignored in the present study. A final database comprising 211 treatment means was compiled from the 38 selected studies where CH 4 had been measured on beef (n = 132 treatment means) and dairy (n = 79) cattle (Tables 1 and 2) .
From the 38 studies, information about other potentially relevant factors was extracted and considered for the analysis as categorical factors. These included type of enterprise (beef or dairy), diet type (low or high concentrate), physiological stage (lactating or nonlactating), CH 4 measurement technique [calorimetry or sulfur hexafluoride (SF 6 )], and intake (ad libitum or restricted) and whether CH 4 mitigation technologies (e.g., monensin, lipid supplementation, tannins, or enzymes, among others) were applied or not (treated or untreated). The type of diet was characterized into 2 categories with high concentrates (hC) or low concentrates (lC) where concentrates constituted more than, less than, or equal to 500 g/kg diet (DM basis), respectively. Other potential factors such as feeding level, milk yield, breed, and animal category (i.e., cow, heifer, steer, or bull) were not included in the database due to lack of data or inconsistent information across studies.
Validation
Validation of the model obtained in the first part of this paper was performed with an independent set of data from 18 published studies (n = 63) and 2 studies from SRUC (Edinburgh, UK) of respiration chambers CH 4 outputs from individual steers fed HC (92% concentrates; n = 34) and LC (n = 34; Rooke et al., 2013) and LC fed nonlactating beef cows (n = 41; Duthie et al., 2013) . Some studies that were excluded from the calibration dataset due to lack of essential information (e.g., SEM) but contained enough information to use the resulting prediction model were included in the validation dataset. The validation dataset contained 63 treatment means from published studies and a total of 109 individual animal observations from SRUC studies ( Table 3 ). The CH 4 prediction ability of the resulting model from this study was compared with the IPCC (2006) model (Eq.
[1]), as this is widely applied (e.g., Foley et al., 2011; Weiss and Leip, 2012) in wholefarm modeling exercises to account for CH 4 estimation in a systemic approach:
(referred to hereafter as IPCC (2006) equation) in which GeI represents the GE intake of the diet (MJ/d), Ym is the CH 4 emission factor (i.e., the proportion of GEI lost as CH 4 , with a value of 3 ± 1 or 6.5 ± 1% 3 LC = low concentrates; HC = high concentrates. 4 Methane measurement technique: calorimetric (Cal) or sulfur hexafluoride (SF 6 ).
5 Use or not of treatments designed to reduce methane emissions. 6 Level of intake: restricted (Rest) or ad libitum (ad lib). for diets containing above or below 90% concentrates, respectively, 1,000 is the conversion factor (g/kg), and 55.65 is the energy value of CH4 (kg/MJ)).
Simulation of Beef Herd Methane Emissions
The performance of the equations from this study on predicting CH 4 outputs from an actual beef herd was compared against existing equations in the literature. Monthly BW and BW change (BWC) data from 20 Limousin × Aberdeen Angus cows with calves, 20 Aberdeen Angus × Limousin growing steers and heifers (from weaning to finishing), and 36 finishing steers obtained in 2011 at SRUC were used for comparing predictions. Energy requirements, DMI, and GEI of cows, calves, and steers were predicted from actual BW, BWC, and feed energy values based on Agricultural and Food Research Council (AFRC, 1993) .
Cows on different systems each passed through pregnant, lactating, and dry phases over the annual production cycle. Cows calved during the spring (from end of March to end of May) and grazed from March to September either hill (hG; n = 11) or lowland grassland (lG; n = 9), with a mean BW of 653 ± 27.9 and 686 ± 29.6 kg, respectively. As measurements of actual digestibility of intake for grazed pastures were unavailable, monthly DMD of LG and HG from the literature were used as follows, because the HG was dominated by Agrostis capillaris, Festuca rubra, and Nardus stricta, with an annual average energy content of 7.3 ± 1.07 ME (MJ/kg DM ± SD), for similar hill grasslands in the United Kingdom described by Armstrong et al. (1986) . Similarly, as LG was dominated by Lolium perenne a mean ME of 10.0 ± 1.09 MJ/kg DM over the year was used, as described by de Vries and Daleboudt (1994) . After the grazing period, calves were weaned with a mean BW of 208 ± 4.1 kg (mean ± SE). Cows (n = 20) and weaned calves (n = 20) were fed indoors throughout the winter with a LC diet consisting of 40% grass silage, 35% barley silage, 15% barley grain, and 10% maize distillers dark grains (DM basis), with an estimated diet ME of 9.9 MJ/kg DM. In May, weaned calves entered the finishing period weighing 516 ± 13.1 kg on average and were fed either LC (n = 18) or HC diets (n = 18) until October when they reached slaughter weight (639 ± 14.5 kg). The LC diet was similar to the overwintering diet whereas the HC diet consisted of 12% straw, 68% barley grain, and 20% maize grain (DM basis) and estimated diet ME of 12.8 MJ/kg DM. Chemical composition of LC and HC diets was obtained from the literature (MAFF, 1990) .
Methane emissions were predicted monthly for each individual cow, calf, and steer. Monthly and annual average and accumulated values of CH 4 and CH 4 proportional to GEI were compared with predictions from the IPCC (2006) equation. The impact of using the new CH 4 prediction model at the farm level was assessed as follows. Methane outputs from a series of simulated beef systems using the data from above were predicted with both the new model and the IPCC (2006) equation. The core systems consisted of 100 cows, 90 weaned overwintering calves, and 45 finishing steers. Four systems were compared: cows grazing either HG or LG during the summer and fed LC during winter with weaned calves and finishing steers fed either HC or LC. Methane predictions from each of the systems were obtained by multiplying monthly average CH 4 from cows, calves, and steers and their number in the simulated herd.
Statistical Analysis
The ability of potential explanatory variables to predict CH 4 outputs from the calibration database was tested by fitting random coefficients models by restricted maximum likelihood using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). Potential explanatory variables were first screened as sole predictors of CH 4 and not considered further when the associated probability value exceeded 0.25. As data were compiled from different studies, study was considered as a random effect. To account for differing precision in observed means, models were fitted using weights proportional to the reciprocals of their variances (St-Pierre, 2001 ). It was assumed in the present study, that the variation on observed CH 4 is lower within trials than between trials. Correlations between variables were estimated using the CORR procedure of SAS. The random coefficients prediction models were built up using a process analogous to the stepwise selection process of adding and removing individual explanatory variables one at a time based on addition of the most highly significant term (P < 0.05) not already in the model and removal of terms no longer statistically significant. The random coefficient model fitting described above was repeated with each of GEI, DMI, DE intake (deI), and ME intake (MeI) included as the first term because they were highly correlated with each other. From these, the best-fit model was selected by comparing the goodness-of-fit between predicted and observed CH 4 from the calibration dataset, assessed by the adjusted coefficient of determination (AdjR 2 ), Akaike's information criteria, root mean square error (RMSe), and the standard error of calibration (SeC; Eq. [2]):
in which y i and ŷ i represent observed and predicted CH 4 of the observation i (i = 1, 2, …, n) and n denotes total observations on the calibration dataset (n = 215) and p the number of fixed effects parameters in the model (in all cases p = 5; Table 4 ). Predicted values were obtained by using the OUTP option of the MODEL statement, which gave predictions considering fixed and random effects of the model. The ability of the resulting model to predict observed CH 4 from an independent validation dataset was compared with the IPCC (2006) equation using the standard error of validation (SeV; Eq. [3]), AdjR 2 , RMSE, and the Lin's concordance correlation coefficient (CCC; predictive ability increases as it approaches a value of 1).
The SEV was estimated as
in which y k and ŷ k represent observed and predicted CH 4 of the observation k (k = 1, 2, …, m) and m denotes total observations on the validation dataset (m = 172). Predicted values were obtained using the OUTPM option of the MODEL statement, which gave predictions considering only fixed effects of the model.
The CCC combines the precision measurement of Pearson correlation coefficient (r) with a bias correction factor (C b ; the closer to 1 the better), a measurement of accuracy, in terms of the deviation from the origin and slope of a 45 degree line when comparing predicted vs. observed values (Lin, 1989) . The Lin's concordance coefficient test of Genstat (11th edition, Lawes Agricultural Trust, VSN International Ltd, Oxford, UK) was used to estimate the CCC.
Results of the beef herd CH 4 predictions are presented in the form of means ± standard errors. These standard errors do not include uncertainty in the fitted model but cover variability in predictions due to differences in actual individual BW and performance data.
ReSulTS ANd dISCuSSIoN
The resulting database comprised diets of widely differing energy content and types of animals under different farming systems (Tables 1 and 2 ).
Variable Selection
Methane outputs (g/d) were correlated with most of the candidate explanatory variables (P < 0.05; Table 2 ). However, intake related variables (DMI, GEI, DEI, and MEI) and metabolic body weight (MBW; BW 0.75 ) had stronger correlations with CH 4 than chemical variables. Descriptive statistics for variables in the assembled database are presented in Table 2 . Individually, intake related variables explained a substantial proportion of the variation in observed CH 4 . Preliminary screening excluded forage proportion (forage DM:total DM, forage proportion; P = 0.64) and ADF (P = 0.27) from the selection process. Intake relative to MBW was not as important as considering both variables separately during the variable selection process. In agreement with others, intake, either as energy or DM, was the most highly correlated variable with CH 4 (Boadi and Wittenberg, 2002; Hammond et al., 2009 ). Dry matter intake was non-and weakly correlated with NDF and ADF (r = -0.09 and r = -0.22, P = 0.20 and P = 0.001, respectively).
In all cases, CH 4 showed a linear relationship with intake-related variables as quadratic terms were nonsignificant (P > 0.25). By contrast, Bell et al. (2009) evaluating data exclusively from high-yielding dairy cows, found a nonlinear relationship between CH 4 outputs and DMI. Although information on milk yield would be relevant to consider the impact of animals' performance on CH 4 estimates, data on milk yield, BWC, or feeding level in CH 4 studies were scarce.
After screening categorical factors, CH 4 measurement technique (P = 0.38) and CH 4 reduction treatment (P = 0.30) were excluded from the analysis and candidate factors included in the model were enterprise, physiological stage, diet type, and intake restriction. When adding factors to the model, the final step of the algorithm indicated type of enterprise (P = 0.89) and intake restriction (P = 0.27) had no significant effects on the model. Finally, 4 different models based on either DMI, GEI, DEI, or MEI were obtained (Table 4) , as collinearity was observed between these variables (r > 0.97, P < 0.001). Although all models showed a good fit with observed CH 4 , models based on either GEI or DMI and including diet type, physiological stage, and the simple interaction between them showed slightly better goodness-of-fit compared with models based on either DEI or MEI and explained 1 GEI = GE intake (MJ/d); Feed = feed type (low concentrates (≤500 g/kg DM diet) = 0 or high concentrates (>500 g/kg DM diet) = 1); Stage = physiological stage (nonlactating = 0 and lactating = 1); DEI = DE intake (MJ/d); MEI = ME intake (MJ/d); DMD = DM digestibility (kg/kg DM). Minimum value of intakerelated variables adopted for model fitting as described in Table 2. 2 SEC = standard error of calibration.
3 AdjR 2 = adjusted coefficient of determination 4 RMSE, root mean square error 5 AIC = Akaike's information criteria most of the variation in observed CH 4 (AdjR 2 = 96.1%, P < 0.001; Table 4 ). Significant interactions between factors and continuous variables produced a set of different equations with different slopes for each combination of diet type and physiological stage. To our knowledge, this approach for prediction of CH 4 production has not been reported in the literature. Grainger et al. (2007) compared the relationship between CH 4 and DMI from different countries and mentioned a difference in the slopes of the regression line. According to the results obtained in the present study, differences in slopes can be attributed to varying physiological stages and feeding management.
Validation and Comparison with Current Equations
New equations developed in the present study based on GEI or DMI (equations 1 and 2 in Table 4 ; referred hereafter as NewEqGEI or NewEqDMI, respectively, and together as NewEqs) were applied to an independent dataset (n = 172; Table 3 ) to validate the models and to compare them with the IPCC (2006) equation. Results from the validation test are presented in Table 5 and Fig. 1 . Good agreement was observed for the 3 models compared. The NewEqGEI model showed the lowest SEV and the highest r and CCC. In comparison, using the IPCC (2006) equation showed slightly higher C b than NewEqGEI. The parameter C b indicates the degree of deviation of the model best-fit line compared with the concordance line between observed and predicted (45 degree line). Deviations from accuracy (location shift) can be potentially corrected, but failure to produce precise (e.g., R 2 ) estimations is a nonremediable fault. With better correlation, NewEqGEI had the highest AdjR 2 . Overall, the NewEqGEI and NewEqDMI models showed good agreement with observed CH 4 and explained 10 and 8% additional variation in observed CH 4 , respectively, than using the IPCC (2006) equation. Extrapolation of the model was required for 8 observations in the validation dataset. However, removing these observations did not change the trend of the results observed previously. These results indicate that for whole-farm CH 4 estimation, although IPCC (2006) equation is a good model, physiological stage explains additional variation to diet type and intake together.
Compared with the IPCC (2006) equation, this study demonstrates the benefit of including information on animal characteristics. By adding a term related to physiological stage, type of diet, and their interaction with continuous variables, NewEqGEI improved the performance of CH 4 predictions. Although the IPCC (2006) equation was shown to be a good model for performing CH 4 budgets from a whole-farm holistic approach, the new model helped to improve the precision of CH 4 estimates over a wide range of physiological states and diet types at a farm level. It is clear that there is value in differentiating between diet types and physiological stage and their interaction with continuous variables related to feed quality and intake to explain most of the variation observed in CH 4 emissions.
Beef Herd Methane Simulations
The validated model based on GEI (NewEqGEI ;  Table 6 ) and the IPCC (2006) equation were applied to individual animal performance and diet quality data from SRUC to simulate system CH 4 outputs. Beef enterprise data were used, as these farm systems simultaneously carry cattle in different physiological stages consuming different diets. Although this simulation exercise compared 2 prediction equations with no actual CH 4 measurements, it demonstrated the ability of the different equations to capture the effect on CH 4 outputs of the shifts from the lactating to nonlactating state and the different diets fed. The impact of the equations [NewEqGEI vs. IPCC (2006) equation] on estimated monthly or annual mean CH 4 outputs (Fig. 2) was considerable. Energy lost as CH 4 (% GEI) predicted by NewEqGEI averaged 5.5 ± 0.14 across all animal categories and diet combinations. For individual animal and diet combinations CH 4, energy losses ranged from 3.8 to 7.6% of GEI and these differences are now described and discussed.
The greatest difference between equations was observed for lactating cows during grazing (Fig. 2a) . Despite the different nutritional values of HG and LG, cows grazing HG and LG performed similarly. Therefore, due to the lower digestibility of HG, cows grazing HG had higher GEI than LG cows (237 ± 12.5 vs. 168 ± 9.1 MJ/d). When predicted with NewEqGEI, lactating cows grazing HG lost 4.8 ± 0.17% of their GEI as CH 4 compared with 5.1 ± 0.11% for LG cows. (IPCC, 2006) . NewEqGEI and NewEqDMI are as described in Table 4 . NewEqGEI and NewEqDMI = equations 1 and 2 in Table 4 , respectively.
2 SEV = standard error of validation.
3 AdjR 2 = coefficient of determination adjusted by the number of parameters in the model. 4 RMSE = root mean square error 5 C b = bias correction factor. 6 CCC = concordance correlation coefficient.
These GE losses compare with the value of 6.5% used by IPCC (2006) Methane emissions from preweaned calves were not predicted, as predicted GEI from forage (from 2.1 to 62 MJ/d) were out of the range of values for which NewEqs were developed (i.e., involve extrapolation; Table  2 ). Once calves were weaned they were fed LC between October and April. The NewEqGEI predicted similar CH 4 Table 4 . Lact_LC = stage lactating, fed low-concentrates; NonLact_LC = stage non-lactating, fed low-concentrates; NonLact_HC = stage non-lactating, fed high-concentrates; Lact_HC = stage lactating, fed high-concentrates.
outputs to IPCC over this period from October (4.3 ± 0.13 vs. 4.3 ± 0.26 kg·mo -1 ·calf -1 ) to April (4.9 ± 0.14 vs. 5.5 ± 0.28 kg·mo -1 ·calf -1 ) and not unexpectedly energy lost as CH 4 predicted with NewEqGEI averaged 6.3 ± 0.09% of GEI, similar to IPCC.
During the finishing phase, LC and HC diets were used. For HC diets used during this period (92% concentrates) a Ym value of 0.03 was used in the IPCC (2006) equation. Again, differences were observed between equations. For steers fed HC, NewEqGEI predicted 28% higher CH 4 than IPCC (2006) equation (3.6 ± 0.09 vs. 2.6 ± 0.14 kg·mo -1 ·steer -1 ; Fig. 2b ) whereas for LC fed steers NewEqGEI predicted 25% less CH 4 than IPCC (2006) equation (6.4 ± 0.32 vs. 8.6 ± 0.64 kg·mo -1 ·steer -1 ; Fig. 2b ). In these cases, NewEqGEI predicted slightly lower CH 4 yields from steers fed HC (4.1 ± 0.06%) than those fed LC (4.9 ± 0.09%).
The NewEqGEI and IPCC (2006) equations were also applied to whole-herd simulated systems. Annually NewEqGEI predicted 13% less CH 4 than IPCC from HG cows with steers fed HC (10.9 ± 0.43 vs. 12.5 ± 0.73 t/yr) and 17% less with LC fed steers (11.6 ± 0.49 vs. 14.1 ± 0.86 t/ yr). Similarly, NewEqGEI predicted lower CH 4 than IPCC (2006) equation from systems with LG cow, this difference being 10% lower with HC fed steers (9.5 ± 0.38 vs. 10.5 ± 0.68 t/yr) and 16% lower with LC finishing diets (10.2 ± 0.44 vs. 12.1 ± 0.81 t/yr).
Conclusions
This study has demonstrated the biological impact of physiological stage on CH 4 predictions in cattle. Significantly different slopes of the relationship between GEI and CH 4 were found for a range of combinations of physiological stage and diet type. The current IPCC (2006) equation provided good estimates of CH 4 emissions from a range of animal types, but a multiple equation approach described for the first time in this paper provides a higher quality of prediction across a range of important animal and diet factors. A model based on GEI, physiological stage, and diet type improved the precision of CH 4 predictions. When applied to observed whole-farm data from a beef herd as predictors, the standard IPCC (2006) equation tends to produce higher estimates of CH 4 outputs from lactating grazing cows and finishing steers fed LC and lower estimates of CH 4 from steers fed HC based diets, compared with the new approach. Over the year, using an improved model to predict CH 4 has an impact on the final C budget of the whole-farm, decreasing predicted enteric CH 4 by 10 to 17%, depending on the type of system. Obtaining more reliable predictions of CH 4 outputs in farm-scale models and in national inventories would help to reduce the uncertainty of mitigation planning studies and cost/benefit analyses. dashed line) or new equations based on GE intake (described in Table 6; solid line) from (a) cows fed hill (closed circle; n = 11) or lowland (open circle; n = 9) grasslands and (b) steers fed high (closed circle; n = 18) or low (open circle; n = 18) level of concentrates.
